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This paper describes the so-called 1/f noise generated within the depleted region below 
a free semiconducting surface. It was shown that there is a link between the 1/f noise, 
which can be controlled by the band-bending, and the very narrow energy states 
(E<<kT) located on the top surface and vanishing into the bulk region. Also, it was 
shown that the noise can be lowered when the band-bending is reduced. A quantitative 
description of this reduction was provided. This study considered the n-type 
semiconductor. 
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I. INTRODUCTION 
The f/1  noise is a physical effect originating from different sources with 
characteristic fluctuations of the noise power density proportional to γ−f , where 
1.00.1 ±=γ  [1]. There are two main types of distinctions in noise analysis. The 
distinction between the number of occupation fluctuations and mobility fluctuations [2], 
and the distinction between bulk contributions and surface effects [3]. In addition, noise 
depends on other factors, such as: growing conditions, number of structural defects, 
surface quality, and chemical treatment like a passivation to name a few. 
In applications, the f/1  noise has a very fundamental importance in low-power 
and microwave devices. Among many of them we can mention: AlGaN/GaN high 
electron mobility transistors (HEMTs) where the device characteristics degrade as a 
result of trapping of electrons in the active surface area [4, 5], InGaAsP/InP 
heterostructures used for laser diodes [6], ambipolar semiconductors (Ge) [7], Al-GaAs 
Schottky barriers [8], Si N-MOSFETs [9], MESFETS [10], and silicon quantum wires 
[11]. 
In terms of the general picture of the 1/f noise, the trap states created by surface 
defects and the trap states distributed in the undersurface atomic layers should be 
considered as a starting point for the analysis. Then, the trap states existence is 
equivalent to a relaxation-time distribution of electric carriers needed to explain of the 
noise origin. Thus, the energy distribution of trap concentrations per se is an important 
factor to be taken into the account. 
The good example of efficiently working theory of the bulk f/1 noise, involving 
time-energy and concentration-energy distributions can be found in [12] where the tail 
states in highly-doped semiconductors and the resulting conduction-band bending were 
considered. This report, however, illustrates how the low-frequency f/1  noise in a 
depleted region of a semiconductor is induced by surface trap states. 
Depleted region is associated with the natural band-bending and the existence of 
many undersurface defects which contribute to the relaxation time distribution of 
electric carriers. Also, it is discussed here what the efficiency of noise reduction is and 
how it can be caused by the removal of band-bending. In addition, the clear, quantitative 
measure of the f/1 noise reduction due to passivation related to the depleted region of 
semiconductor was introduced. It should be mentioned that reducing noise intensity 
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sometimes is not practical, and many devices utilize the band bending such as, for 
example, Schottky diodes [13, 14]. 
 
II. THE NOISE vs. TIME-RELAXATION DISTRIBUTIONS 
The starting postulate for every noise analysis is the existence of the relaxation-
time distribution ( )τg  along with the range of the time constants 21 ,ττ , for example 
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From the above results the formal definition of the frequency noise of the 1/f type 
(1/f = ωpi /2 ), expressed in (1/Hz) units, is given by the following integral [1] 
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where 2N∆  is the mean-square value of the fluctuation in the number of carriers. 
In relation to the depletion region located below the free semiconductor surface, 
we can postulate that the trap’s time-life distribution follows the band bending with the 
depth x measured from the top surface, or 
 
( ) ( ) ( )wxx /exp0 −= ττ ,             (3) 
 
where ( )0τ  is the relaxation time at the free surface and w  is the depletion layer width. 
This postulate is quite arbitrary and doesn’t take into an account any specific detrapping 
mechanism, like tunneling or thermal activation. From the above, Eq. 3, we can derive 
the relaxation-time distribution which equals 
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where ( )xN t  is the trap concentration distribution function inside the depletion layer. 
The ( )xN t  function, in general, can be quite arbitrary. However, for the special case of 
trap states induced on semiconductor surface, and consequently, in the undersurface 
depleted region, we can assume that the ( )xN t  distribution 
equals ( ) ( ) ( ) ( )( )w/10w/exp0 xNxNxN txtxt −≅−= . This does not change the general 
result of Eq. 4, since the time-life distribution is still inversely proportional to the time-
constant τ . Thus, we have 
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Eqs. 4-5 warrant the existence of noise (comp. Eqs. 1-2), however, as it will be shown 
below, these equations do not warrant the existence of the 1/f noise. Again, Eqs. 4-5 
represent a physical system which lacks thermodynamic equilibrium within the 
relaxation-time scale, as surface states can interact with free carriers in the undersurface 
region contributing to the noise effects. 
The starting points for calculation in the energy scale are the two dependencies for 
the time-relaxation distribution ( )Eτ  and the number of trap states distribution ( )EN t , 
namely 
 
( ) ( ) ( ) ( )[ ] ( )kTwEEEEEEFEE ccc ,,/exp τττττ =−−= ,          (6) 
 
( ) ( ) ( )[ ] ( ) kTkTwEEEEEENEN nnncctEt ≈=−−= ,,/exp .           (7) 
 
Both distributions are extended over the bottom edge of the conduction-band bulk-level 
cE  (Fig. 1), their widths are represented by the τE  and nE  parameters, for the time-
relaxation and the traps density, respectively. ( )cEF is the value of Fermi-Dirac 
function at the cE level and the values of ( )cEτ  and  ( )ctE EN  are obvious at the cE  level. 
The energy distribution of the trap concentration given in equation (7) with kTEn ≈  
can results in white noise not 1/f noise in some cases [15]. 
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Fig. 1. The band structure U(x) used in calculations. Descriptions: EF – the Fermi level, 
UB - the band-bending, Ec – the bulk level of conduction band, w – the depleted region 
width. 
 
Next, the infinitesimal contribution to noise (comp. Eq. 2) induced at the energy level 
E  by the trap concentration tN , for the volume sample V , with F  - the probability of 
absorption (catching of a carrier) or the re-emission from a trap level with the 
probability ( )F−1 , equals 
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while the Fermi-Dirac distribution function [16] 
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can be simplified for the assumed non-degenerate case. This is why the integral of Eq. 8, 
calculated around the cE  level, in the Bcnc UEEE +− ;  range up to the band-bending 
BU , equals 
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where some simplifying symbols were introduced. These are as follows 
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Eq. 10 can be solved for several assumptions. Thus, if the widths τE  and nE  are 
comparable then the integral is equal to 
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and we obtain 2/1 f  noise which is not the case we are looking for. Therefore, if we 
were to assume that the relaxation time distribution of traps is very narrow, we get the 
following relationship 
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the f/1  nonlinear function of several energy and time parameters, thus, the function of 
the band bending BU . From the physical point of view the condition nEE <<τ  
describes non-correlated trap states. In other words traps are independent, out of 
memory, of the catch and re-emit type.  
Finally, it is very interesting to show the following limiting cases. The first one is 
related to the lack of time-relaxation distribution. Thus, if 0→τE  in Eq. 13, then the 
noise goes to zero 0→ωS . The second one is related to the reduction of band bending, 
possibly by the use of passivation method. Namely, for the non-correlated trap states, 
nEE <<τ , but additionally, assuming the similar inequality for the band bending,  
BUE <<τ ,  we obtain 
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Surprisingly, if we were to additionally apply the 0=BU  limit we obtain the noise 
which is reduced by a factor of 2, that is 
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The last two relations express the general physical meaning of the possible noise 
reduction in the depletion layer of a semiconductor. For the very narrow, non-correlated 
trap states assumed above, the f/1  noise can be reduced by half if the band bending 
reaches theoretical zero value. 
 
III. CONCLUSIONS 
The band bending and the existence of the depletion layer are the two counterparting 
effects resulting from the natural breakdown of periodic atomic bonds at the free surface 
of a semiconductor. Consequently, the surface concentration of the electric carriers is 
different from that of the bulk region, and also, the undersurface region is depleted in a 
sense, that the distribution of carriers changes continuously with the distance measured 
from a surface. 
Thus, we deal with a physical system with distributed in-depth properties and the 
distributed relaxation times of trap states. Together, they create the basis for the 
existence of the 1/f noise. It seems that this conclusion is quite general and can be 
applied for all situations where there is band-bending, not only those caused by broken 
bonds at the surface. 
It was shown that the reduction of band bending can improve f/1  characteristics. 
However, even if the band bending can be removed, the noise can not be completely 
neglected at temperatures different from the absolute zero and for realistic materials 
with surface and undersurface defects. It should be also remembered that the band 
bending in specific practical solutions is a needed effect supporting performance of 
devices. 
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